Anandamide (N-arachidonoylethanolamine) is an endogenous ligand for both the brain-type (CB1-R) and spleen-type (CB2-R) cannabinoid receptors. This investigation demonstrates that the periimplantation mouse uterus contains the highest levels of anandamide (142-1345 pmol͞ mol lipid P; 1-7 g͞g wet weight) yet discovered in a mammalian tissue. The levels f luctuate with the state of pregnancy; down-regulation of anandamide levels is associated with uterine receptivity, while up-regulation is correlated with uterine refractoriness to embryo implantation. Anandamide levels are highest during the nonreceptive phase in the pseudopregnant uterus and in the interimplantation sites, and lowest at the site of embryo implantation. The lower levels of uterine anandamide at the implantation sites may be a mechanism by which implanting embryos protect themselves from the detrimental effects of this endogenous ligand. We also observed a reduced rate of zona-hatching of blastocysts in vitro in the presence of anandamide, and inhibition of implantation by systemic administration of a synthetic cannabinoid agonist CP 55,940. These adverse effects were reversed by SR141716A, a specific CB1-R antagonist. Taken together, the results suggest that an aberrant synthesis of anandamide and͞or expression of the cannabinoid receptors in the uterus͞embryo may account for early pregnancy failure or female infertility.
Because cannabinoids exert a broad array of central and peripheral effects (1) including adverse effects on pregnancy and embryonic development (2) (3) (4) (5) , the widespread use of marijuana is a serious concern to society. The mechanisms by which cannabinoids exert these diverse effects were not understood until the recent identification and cloning of G protein (G i )-coupled cannabinoid receptors in the brain (CB1-R) and spleen (CB2-R). It is now apparent that many of the central and peripheral effects of cannabinoids are mediated via these receptors (6) (7) (8) . Furthermore, the identification of a putative endogenous cannabinoid ligand, anandamide [N-arachidonoylethanolamine; 20:4 N-acylethanolamine (NAE)], in the brain suggested that cannabinoid ligandreceptor signaling could be operative under normal conditions in the central nervous system (9, 10) , even though its significance is not yet understood.
We recently discovered that the CB1-R gene is expressed in the periimplantation mouse uterus and embryo, and the levels of CB1-R in the embryo, are much higher than those in the brain (11) (12) (13) . Also, activation of CB1-R by cannabinoid ligands including anandamide interferes with preimplantation embryo development, and this effect is completely reversed by a specific CB1-R antagonist (13) . These results and anandamide synthetic capacity of the periimplantation mouse uterus (11, 12, 14) suggested that cannabinoid-ligand receptor signaling during implantation could be physiologically and pharmacologically important.
Implantation is a process in which the embryo makes close physical and physiological contact with the maternal endometrium for the establishment of pregnancy. The fundamental feature of this process is the synchronized development of the embryo to the activated state of the blastocyst, its escape from the zona pellucida, and differentiation of the uterus to the receptive state (15, 16) . This results in ''two-way'' interactions between the blastocyst and the uterus to initiate the attachment reaction that occurs at 2200-2300 h on day 4 of pregnancy in the mouse (17) . This is followed by stromal cell decidualization at the sites of blastocysts (18) . In this species, uterine environment with respect to implantation is divided into prereceptive, receptive, and nonreceptive (refractory) phases (15, 16, 19) . The ''window'' of uterine receptivity for implantation occurs only for a limited period during pregnancy or pseudopregnancy (16) . In the pregnant or pseudopregnant mouse, the prereceptive uterus on day 3 becomes receptive on day 4 (the day of implantation), while by day 5 (as examined by blastocyst transfers in uteri of pseudopregnant or oviductligated uteri of pregnant mice), the uterus becomes refractory and fails to respond to the attachment reaction (16) . In addition, the nonreceptive uterus becomes hostile to blastocyst survival (15, 16) . The molecular mechanisms by which various uterine phases are achieved are not known. Because of the presence of CB1-R in the uterus and embryo and because of anandamide's dramatic adverse effects on embryo development (13), we examined whether the uterus could be a major source of anandamide that could be associated with various phases of uterine receptivity.
MATERIALS AND METHODS
Animals and Tissue Preparation. CD-1 mice (Charles River Breeding Laboratories) were housed in the animal care facility at the University of Kansas Medical Center according to National Institutes of Health and institutional guidelines on the care and use of laboratory animals. Adult female mice (20-25 g, 48-60 days old) were mated with fertile or vasectomized males of the same strain to produce pregnancy or pseudopregnancy, respectively. The morning of finding a vaginal plug was designated day 1 of pregnancy or pseudopregnancy. Normally, mice were killed between 0830-0900 h on various days of pregnancy or pseudopregnancy. To collect uteri shortly after the initiation of the attachment reaction, mice were killed at 0830-0930 h on day 5 of pregnancy. Early implantation sites on this day were visualized by intravenous injections (0.1 ml͞mouse) of a Chicago Blue B dye solution (1% in saline). Mice were sacrificed 5 min later and implantation sites were identified as discrete areas of more intense blue (15, 16) . On day 7, implantation sites were visible as distinct swellings and did not require any manipulation for their identification. Pseudopregnant mice produced by mating with vasectomized males were also sacrificed on days 4 and 5 at 0830-0900 h to examine whether embryonic influences were operative. Mouse brain tissues were analyzed for comparison. Tissues were stored at Ϫ80ЊC until used.
Extraction and Isolation of N-Acylethanolamines (NAEs) and N-Acylphosphatidylethanolamines (NAPEs). Mouse uterine tissues (0.1-0.5 g, from 1-4 mice) were homogenized in chloroform͞methanol (2:1, by vol), and the lipid extracts were partitioned against 2.5% aqueous NaCl (20) . Individual brains were homogenized in chloroform and the extracts were centrifuged. A mixture of internal standards was added during homogenization (21) . The standards were as follows: N-acyl-1,1,2,2,-2 H-ethanolamines with acyl chain lengths of 16:0, 17:0, 18:0, 18:1n-9, 18:2n-6, and 20:4n-6 (d4 NAEs, 1 g each), and N-hept adecanoyl-1,2-dihept adecanoylphosphatidylethanolamine (17:0 NAPE, 2.7 nmol). The lipid extracts were taken to dryness under a stream of nitrogen and redissolved in 1 ml of chloroform͞methanol (2:1, by vol). After aliquots of 10 and 50 l were removed for measurement of lipid phosphorus, the extracts were concentrated again and applied to silica gel H TLC plates. Chromatograms were developed in a solvent system of chloroform͞methanol͞concentrated ammonium hydroxide (90:10:1, by vol). NAE and NAPE standards were spotted in a lane on one edge of the plate. After development, the plate was sprayed with 2Ј,7Ј-dichlorofluorescein (0.1% in ethanol) and viewed under ultraviolet light. Bands corresponding to mobility (Rf) of the NAE and NAPE standards were scraped into tubes containing 3 ml of chloroform͞methanol͞ water (30:50:20, by vol). The tubes were centrifuged, the solvents decanted, and the silica gel reextracted twice with 2 ml of the same solvent mixture. Chloroform and water were added to the combined eluates to make a final ratio of chloroform͞ methanol͞water of 8:4:3 (by vol). The tubes were vortex mixed and centrifuged, and the bottom layer was removed and taken to dryness under a stream of nitrogen.
Derivatization and Analysis. The NAE fractions were derivatized with 30 l of tert-butyldimethylchlorosilyl͞imidazole reagent (tBDMS; Alltech Associates) at 85ЊC for 1 h (21). After cooling, the NAE-tBDMS derivatives were extracted into 50 l of hexane for gas chromatography-mass spectrometry (GC-MS). The NAPE fractions were reacted with phospholipase A 2 (Trimeresurus flavoviridis) and phospholipase D (Streptomyces chromofuscus) as described to release the NAE moiety (22) . The d4 NAE standard mixture was added to the tubes before the phospholipase A 2 reaction, and NAEs were subsequently purified by TLC on layers of silica gel H, developed in hexane͞diethylether͞acetone͞glacial acetic acid (40:20:20:1, by vol), scraped off, eluted, and derivatized.
GC-MS analysis of NAE-tBDMS derivatives was done on a Hewlett-Packard model 5890 series II gas chromatograph equipped with electronic pressure control, model 7673 autosampler, and model 5972 mass selective detector. A 30-meter Hewlett-Packard HP-5 MS (5% phenylmethylsiloxane) capillary column was programmed from 150ЊC to 280ЊC at 50Њ per min with an initial hold of 1 min and a final hold of 9 min. The samples were injected in the splitless mode with a pressure pulse of 30 psi for the first minute. Thereafter, the helium carrier gas flow rate was kept constant at 0.8 ml͞min. The injection port was held at 230ЊC and the detector at 280ЊC. The mass spectrometer ionization voltage was 70 eV. The (M-57) ions of NAE-tBDMS derivatives were measured by selected ion monitoring. Under these conditions, the retention times ranged from 7.5 min for 16:0 NAE to 11.2 min for 20:4n-6 NAE. Endogenous NAEs were quantitated by comparison of their (M-57) ions to those of the corresponding d4 NAEs (21).
As little as 1 ng (2.9 pmol) of anandamide (20:4n-6 NAE) in the original sample can be detected and quantified. NAE concentration in pmol͞sample was normalized by dividing by the mol of total lipid phosphorus (23) found in the extract. Average lipid phosphorus was 15.6 Ϯ 1.5 mol͞g wet weight. The 17:0 NAE derived from the NAPE internal standard was used to correct NAPE values for loss during isolation and derivatization.
Blastocyst Growth and Hatching in Vitro. To study effects of anandamide on blastocyst growth and hatching in vitro, eightcell embryos recovered on day 3 (1000-1030 h) were cultured in groups (10-12 embryos͞group) for 84 h in 25 l of Whitten's medium (24) in the absence or presence of anandamide and͞or SR141716A (25) . SR141716A is a specific antagonist to CB1-R (13) and was generously provided by Sanofi Recherche (Montepellier, France). All test agents were dissolved in ethanol and diluted with Whitten's medium. The final ethanol concentration was less than 0.1%. The control cultures contained the same concentration of ethanol. Embryonic development was monitored every 12 h. The number of blastocysts showing complete hatching or considerable protrusion from zonapellucidae was recorded at the end of the culture period (25) .
Blastocyst Implantation in Vivo. To study whether an active cannabinoid can influence implantation, mice on day 1 of pregnancy were implanted subcutaneously with miniosmotic pumps (model 1007D, Alzet, Palo Alto, CA) for steady-state delivery of a synthetic cannabinoid CP 55,940 (20 g͞h) or CP 55,940 (20 g͞h) plus a CB1-R antagonist SR141716A (5 g͞h). CP 55,940 was generously supplied by Pfizer Diagnostics. On day 5 (0900 h), mice were examined for implantation sites by the blue dye method (15, 16) . Recovered blastocysts from mice not showing implantation sites were examined for zona dissolution. CP 55,940 or SR141716A was dissolved in propylene glycol for loading miniosmotic pumps.
RESULTS AND DISCUSSION
The present results (Table 1) indicate that mouse uterus contains very high levels of anandamide, reaching 1,345 pmol͞ mol lipid P (20 nmol͞g tissue) in the day 7 interimplantation sites ( Fig. 1) , whereas the brains of the same mice contained only 10-15 pmol͞g tissue (data not shown). Anandamine levels in mammalian brain were previously found to be below 20 pmol͞g tissue (21) but to vary somewhat depending on the region of the brain (26) . Somewhat higher anandamide levels (30-100 pmol͞g tissue) were reported for human brain (26) but the observed post mortem accumulation of anandamide and other NAEs in the central nervous system (21, 26, 27) has to be considered. In other organs, such as rat skin and spleen, and human heart and spleen, anandamide levels were found to be below 20 pmol͞g tissue (26) . Rat testes were recently shown to contain both NAEs and NAPEs with anandamide amounting to 6 pmol͞g tissue (28) . Mouse uterus therefore contains by far the highest levels of anandamide detected in any mammalian tissue. Furthermore, the mouse uterus is the only tissue identified so far in which anandamide is the primary component of NAE (75-95%). The changing levels of anandamide with changing pregnancy status are consistent with a possible role for this lipid molecule in early pregnancy. Higher uterine levels during the nonreceptive phase on day 5 of pseudopregnancy suggest that embryotoxic effects of the uterine environment during this time (15) could be due to increased anandamide levels. This suggestion is consistent with our observation that anandamide inhibits development of two-cell embryos to blastocysts in vitro (12, 13) and zonahatching of blastocysts developed from eight-cell embryos in vitro ( Table 2 ), and that these detrimental effects of anandamide are reversed by SR141716A. Furthermore, infusion of a synthetic cannabinoid ligand CP 55,940 via miniosmotic pumps during the preimplantation period prevented implanPhysiology: Schmid et al.
Proc. Natl. Acad. Sci. USA 94 (1997) tation in vivo when examined on day 5 (n ϭ 5); most of the recovered blastocysts were zona-encased. These inhibitory effects were reversed with normal number of implantation sites (13.5 Ϯ 1.2, n ϭ 4) by coadministration of CP 55,940 with SR141716A, suggesting activation of CB1-R as mediator of the inhibitory effects of CP 55,940. Although CP 55,940 is more potent than ⌬ 9 -tetrahydrocannabinol, the major psychoactive component of marijuana, in other systems (29) , these two cannabinoid ligands and anandamide are almost equipotent toward blastocyst CB1-R (13). Thus, remarkably lower levels of anandamide at the implantation sites compared with high levels at the interimplantation sites following the attachment reaction or in day 5 pseudopregnant uteri suggest that the implanting blastocysts regulate anandamide levels to protect against its detrimental effects.
The biosynthetic pathway and mechanism of anandamide synthesis remain an open question. Enzymatic condensation of free arachidonic acid with ethanolamine, independent of ATP and coenzyme A, has been shown to generate anandamide in preparations of rat, rabbit, and bovine brain (30) (31) (32) (33) , but the high K m values for both substrates make it possible that these results actually represent the activity of amidohydrolase (34) acting in reverse in the presence of high substrate concentrations (33, 34) . There is also evidence that anandamide can be synthesized in neuronal cells (35) and rat testes (28) by phosphodiesterase-mediated cleavage of NAPEs, most likely by the transacylation-phosphodiesterase pathway involved in the biosynthesis of saturated and monounsaturated NAEs (reviewed in refs. 36 and 37). Very recent evidence strongly suggests that anandamide is synthesized in rat brain by the transacylation-phosphodiesterase pathway rather than by Nacylation of ethanolamine (38) . However, our present results show that arachidonic acid is only a minor component of the N-acyl groups of NAPE in the mouse uterus during early pregnancy (Table 3) , whereas the corresponding anandamide represents up to 95% of total NAEs (Table 1) . Thus, biosynthesis of anandamide in the uterus by the N-acylationphosphodiesterase pathway (36) (37) (38) would require either the action of a phosphodiesterase exhibiting extraordinary selec-FIG. 1. Levels of endogenous NAEs in the periimplantation mouse uterus. NAEs were measured as described in the legend to Table 1 . Levels of anandamide in day 5 pseudopregnant uteri were significantly different (P Ͻ 0.05) from those on days 1, 2, and 4 of pregnancy as well as from day 4 of pseudopregnancy (ANOVA followed by Student's t test). Levels of anandamide in interimplantation sites were significantly higher (P Ͻ 0.05) than those from implantation sites (paired t test). NAEs, isolated by TLC from lipid extracts of whole uteri, implantation sites, or interimplantation sites on indicated days of pseudopregnancy or pregnancy were analyzed by GC-MS. Levels of anandamide in day 5 pseudopregnant uteri were significantly higher (P Ͻ 0.05) from those on days 1-4 of pregnancy or pseudopregnancy (ANOVA followed by Student's t-test). Level of anandamide in interimplantation sites were significantly higher (P Ͻ 0.05) than those from implantation sites (paired t-test). *Other polyunsaturated NAEs may also be present but were not included in this assay. tivity for the N-arachidonoyl moiety of NAPE, or the continuous selective degradation of NAEs other than anandamide. Therefore, direct N-acylation of ethanolamine must be considered as a possible alternative pathway of anandamide synthesis in this tissue. This is consistent with our findings of a relatively low substrate requirement (K m of 3.8 M and 1.2 mM for arachidonic acid and ethanolamine, respectively) for the uterine anandamide synthase activity that was also shown to be active in the presence of phenylmethylsulfonyl fluoride, an inhibitor of the amidohydrolase (14) . It is interesting to note that the changing uterine levels of anandamide with pregnancy status are reflected in changing patterns of uterine anandamide synthase and amidohydrolase activity (14) .
Because the levels of anandamide in the uterus are several orders of magnitude higher than those in the brain, the signaling function of this molecule during early pregnancy may be physiologically different from its role in the central nervous system. However, it may be questioned why anandamide, which is detrimental to embryonic development and implantation, is present in the uterus during the receptive phase and in implantation sites at higher levels than in other tissues. Because the uterus is composed of heterogeneous cell types, it could be that the local concentration of this molecule at the sites of blastocysts in the receptive uterus or at the implantation sites does not reach the required levels to affect embryonic functions and implantation. Information regarding cellspecific synthesis and hydrolysis of this molecule in the uterus will be required to address this issue. Another possibility is that anandamide serves as a reservoir of arachidonic acid for the generation of prostaglandins (PGs) which are important for embryo development and implantation (39) (40) (41) . This is consistent with higher levels of amidohydrolase activity and of PGE 2 in implantation sites (14, 41) . Increases in uterine anandamide synthase activity with concomitant decreases in amidohydrolase activity by indomethacin in vivo and in vitro (14) also support this assumption. It should be noted that inhibition of PG synthesis by indomethacin interferes with implantation (40, 41) . Alternatively, anandamide may be involved in regulating the ''window'' of implantation by synchronizing the embryo development (blastocyst formation, expansion, zona dissolution, and activation) with preparation of the uterus to the receptive state, since this lipid mediator via activation of CB1-R can modulate adenylyl cyclase and Ca 2ϩ channel activities, two important second messenger systems involved in various cellular functions (6, 10) . On the other hand, excessive uterine levels of anandamide during early pregnancy may induce prematurely the nonreceptive phase of the uterus, thus disrupting embryo survival and establishment of pregnancy. Similar mechanisms may account for unexplained infertility in women (42) . Reports of adverse effects of cannabinoid exposure on pregnancy (2) (3) (4) (5) are consistent with the recent evidence for the presence of CB1-R receptor (43) and anandamide synthetic capacity in the human endometrium (unpublished data). Collectively, these results place the uterus and embryo as important and physiologically relevant targets for cannabinoid ligand-receptor signaling.
